Six examples of α,α'-bis(arylimino)-2,3:5,6-bis(pentamethylene)pyridine-cobalt(II) chlorides, 
Introduction
The use of late transition metal complexes as homogeneous catalysts in alkene oligo-/polymerization catalysis has been extensively explored since the mid to late 1990s and remains an active field of research to this day [1] [2] [3] [4] . In particular, the ability of bis(imino)pyridine-iron and -cobalt complexes (A, in Chart 1) to mediate the formation of either high density polyethylene or α-olefins has provided the impetus for both academic and industrial research [5] [6] [7] [8] . While multiple factors influence the performance of the catalyst, the structural features of the bis(arylimino)pyridine ligand are integral allowing control of the catalytic activity and the molecular weight of the oligo-/polymer [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Of particular note, the positioning of alkyl substituents (e.g., methyl, isopropyl etc.) at the ortho-positions of the two N-aryl groups of the catalyst and the resulting protection of the active species offers a means of regulating the molecular weight of the polymer. Indeed, recognition of such structural features has inspired the development of numerous other compatible N,N,N-ligand sets [20] [21] [22] [23] [24] . Common to both iron and cobalt catalysts is a selectivity for highly linear polyethylene, with cobalt catalysts generally showing narrower molecular weight distributions while their iron counterparts display superior activities along with higher molecular weight polymers.
Lately, we have been interested in developing bis(imino)pyridine ligand sets that incorporate fused carbocyclic rings with the intent of introducing structural rigidity to the pincer ligand framework by reducing the flexibility of the exterior imine donors [8, 25] .
With regard to cobalt precatalysts, both singly and doubly fused derivatives with ring sizes of between six and eight are accessible (see for example B − E, Chart 1) [16, 18, [25] [26] [27] .
In terms of catalytic performance, high activities and improved thermal stabilities are a general feature of these systems, while the number of fused rings as well as ring size can be influential on the molecular weights of the olefinic products. For example, using doubly fused B as the precatalyst (Chart 1) [25] , an undesirable mixture of polymers and oligomers are obtained, while use of the singly fused C (Chart 1) [26] leads to solely polymers with narrower molecular weight distribution. Increasing the ring size to seven (D and E, Chart 1) [16, 18] , results in increased molecular weight which is most apparent with doubly-fused E [18] .
<Chart 1>
Given the predilection of E-type cobalt precatalysts to form higher molecular weight polyethylene, we wanted to explore how the introduction of more sterically hindered ortho groups would impact on the molecular weight and other properties of the polymer. In particular, we describe the catalytic performance of a series of α,α'-bis(arylimino)-2,3:5,6-bis(pentamethylene)pyridine-cobalt(II) chloride complexes that contain cycloalkyl orthosubstituents of various ring sizes (cyclopentyl vs. cyclohexyl vs. cyclooctyl); electronic variations imparted by different para-R groups (H, Me: Chart 1) presents a further feature to be investigated. Elsewhere, ortho-cycloalkyl incorporation has been shown to have some notable effects on catalytic performance and molecular weight which have been correlated with the size of cyclic substituent [28] [29] [30] [31] . Full characterization of the complexes and intrinsic properties of the resulting polyethylenes (e.g., molecular weight, distribution, melting temperatures, crystallinity, microstructure and water contact angle) are reported.
Materials and Methods

General considerations
All manipulations of air-and/or moisture-sensitive compounds were carried out under a nitrogen atmosphere using standard Schlenk techniques. Toluene was refluxed over sodium benzophenone and distilled under nitrogen prior to use. Methylaluminoxane (MAO, 1.46 M solution in toluene) and modified methylaluminoxane (MMAO, 2.0 M in heptane) were purchased from Akzo Nobel Corp. High-purity ethylene was purchased from Beijing Yansan Petrochemical Co. and used as received. Other reagents were purchased from Aldrich, Acros or local suppliers. IR spectra were recorded on a Perkin-Elmer System 2000 FT-IR spectrometer.
Elemental analysis was carried out using a Flash EA 1112 microanalyzer. Molecular weights and molecular weight distributions of the polyethylenes were determined using a PL-GPC220 instrument at 150 ºC with 1,2,4-trichlorobenzene as solvent. Melting temperatures of the polyethylenes were measured from the second scanning run on a Perkin-Elmer DSC-7 differential scanning calorimeter (DSC) under a nitrogen atmosphere. In the procedure, a sample of about 5.0 mg was heated to 160 ºC at a rate of 20 ºC/min and kept for 2 min at 160 ºC to remove the thermal history and then cooled to 20 ºC at a rate of 20 ºC /min. The 13 C NMR spectra of the polyethylenes were recorded on a Bruker DMX-300 MHz instrument at 135 ºC in deuterated 1,1,2,2-tetrachloroethane-d2 with TMS as an internal standard. The water contact angles (WCAs) were determined using a contact angle tester (Harke-Spcax1). The compounds, α,α'-dioxo-2,3:5,6-bis(pentamethylene)pyridine [18] , 2-cyclopentyl-6-methylaniline hydrochloride, 2-cyclohexyl-6-methylaniline hydrochloride, 2-cyclooctyl-6-methylaniline hydrochloride, 2-cyclopentyl-4,6-dimethylaniline hydrochloride, 2-cyclohexyl-4,6-dimethylaniline hydrochloride, 2-cyclooctyl-4,6-dimethylaniline hydrochloride, have been prepared using literature methods [32] . 
Preparation
X-ray crystallographic studies
Single crystals of Co1 suitable for the X-ray diffraction analysis were obtained by layering a dichloromethane solution of the corresponding complex with hexane at room temperature in air.
With graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) at 173(2) K, cell parameters were obtained by global refinement of the positions of all collected reflections. Intensities were corrected for Lorentz and polarization effects and empirical absorption. The structures were solved by direct methods and refined by full-matrix least squares on F 2 . All hydrogen atoms were placed in calculated positions. Structure solution and structure refinement were performed by using the SHELXT [33, 34] . The disorder displayed by the cycloheptyl and solvent molecule was also processed by the SHELXL (Sheldrick, 2015) [34] . Details of the X-ray structure determinations and refinements are provided in Table S1 (see SI).
Polymerization studies
Ethylene polymerization at 1 atm ethylene pressure. The polymerization at 1 atm ethylene pressure was carried out in a 100 mL Schlenk tube. Under an ethylene atmosphere, Co3 (3 μmol)
was added followed by toluene (30 mL Following quenching of the reaction with 10% hydrochloric acid in ethanol, the polymer was collected and washed with ethanol and dried under reduced pressure at 60 ºC and weighed.
Results and Discussion
Synthesis and characterization
Reaction of α,α'-dioxo-2,3:5,6-bis(pentamethylene) with the corresponding aniline hydrochloride and cobalt chloride in acetic acid at reflux gave [2,3:5,6-
. Such a one-pot methodology was deemed necessary as attempts to form the free bis(imino)pyridine proved unsuccessful [16, 18, 27, 35] . Complexes Co1 -Co6 were characterized by FTIR spectroscopy, elemental analysis and, in the case of Co1, by single crystal X-ray diffraction.
<Scheme 1>
Crystals of Co1 suitable for the X-ray determination were grown by slow diffusion of hexane into a dichloromethane solution of the corresponding complex. A view of the structure is shown in Figure 1 ; selected bond lengths and angles are listed in the caption.
The structure consists of a single cobalt center surrounded by three nitrogen atoms belonging to the tridentate ligand and two chlorides (Cl2) to form a geometry that can be In the IR spectra of Co1 -Co6 strong peaks around 1600 cm -1 are evident which can be attributed to the C=N stretching vibrations belonging to the coordinated imines [16, 18, 27] . Furthermore, the microanalytical data for the complexes were in full agreement with elemental compositions of general formula LCoCl2.
Catalyst evaluation for ethylene polymerization
Complexes Co1 -Co6, have all been systematically investigated as precatalysts for ethylene polymerization using either methylaluminoxane (MAO) or modified methylaluminoxane (MMAO) as co-catalyst [16, 18, [25] [26] [27] 36] . For each aluminoxane, Co3 was selected as the test precatalyst and variations of Al/Co molar ratio, reaction temperature and run time were all investigated as part of the catalyst optimization; the results are compiled in Tables 1 and 2 . In general, the polyethylenes were characterized by gel permeation chromatography (GPC) and different scanning calorimetry (DSC) as well as by high temperature NMR spectroscopy.
Optimization of reaction conditions using Co3/MMAO
Firstly, the effects of temperature on the performance of Co3/MMAO were investigated over the range 20 to 60 ºC with the Al/Co molar ratio maintained at 2000 and the pressure of ethylene at ten atmospheres (Table 1 ). The highest activity of 1.91 × 10 6 g PE mol -1 (Co) h -1 was obtained at 20 ºC (entry 1, Table 1 ), above which it sharply decreased reaching a minimum of 0.27 × 10 6 g PE mol -1 (Co) h -1 at 60 ºC (entry 5, Table 1 ). The molecular weights of the corresponding polymers followed a similar downward trend with increasing temperature (Fig. 2a) , a finding that can be attributed to faster chain termination at higher temperature.
Secondly, with the temperature fixed at 20 ºC, the Al/Co molar ratio was systematically varied between 1000 and 3000 with the maximum activity reached with 2000 molar equivalents (entry 1, Table 1 ). Between 1000 and 2250, the Mw's of the polyethylenes gradually decreased from 61.3 to 42.6 kg mol -1 (Fig. 2b) , a result that can be likely ascribed to increased chain transfer occurring from cobalt to aluminum as a consequence of the larger amounts of alkyl aluminum reagent employed [5, 8, 37] . Interestingly, with the molar ratios between 2500 and 3000, a dramatic increase in molecular weight was observed with values reaching as high as 53.8 kg mol -1 with 3000 equivalents of MMAO. It would seem plausible that the formation of a new active species has occurred within this molar ratio window, a similar observation has been noted elsewhere [26] .
Thirdly, to determine the catalyst lifetime, the polymerization runs were performed over different intervals with the highest activity of 2.00 × 10 6 g PE mol -1 (Co) h -1 observed after 15 minutes (entry 12, Table 1 ). When the run time was extended to 60 minutes (entry 14, Table 1 ), only ca. 50% loss of activity was observed, highlighting the stability and slow deactivation of this catalyst. In terms of molecular weight, longer reactions were accompanied by an increase in Mw from 43.5 to 52.4 kg mol −1 (Fig. 2c) .
The effect of ethylene pressure was also found to be significant with the activity at one atmosphere being around one tenth of that observed at 10 atmospheres (entries 1 and 15, Table   1 ). On the other hand, the molecular weight remained essentially invariant. These results are consistent with both chain propagation and chain termination increasing equally with ethylene pressure [36, 38] .
< Table 1> <Figure 2>
Optimization of reaction conditions using Co3/MAO
To complement the study performed with MMAO, we also examined the performance of Co3 using MAO as the co-catalyst. As before, the first stage of catalytic optimization focused on the effect of temperature (entries 1 -5, Table 2 ). The maximum activity was achieved at 30 ºC (1.21 × 10 6 g PE mol -1 (Co) h -1 ), above which the activity steadily lowered until at 60 ºC the activity had dropped almost threefold. At the same time, the molecular weight decreased significantly with increasing temperature from 53.1 to 18.2 kg mol −1 (see Fig. 3a ).
With the temperature maintained at 30 ºC, the effect of varying the Al/Co molar ratio from 1000 to 3000 was studied. A peak in activity of 1.35 × 10 6 g PE mol −1 (Co) h −1 was identified with an Al/Co ratio of 1500 (entries 6 -11, Table 2 ). Unlike with MMAO, no anomalous behavior was observed with the molecular weight steadily dropping as the ratio was increased from 1000
to 3000 in agreement with increased chain transfer from the active cobalt species to aluminum (see Fig. 3b ) [8, 18, 27, [39] [40] . With respect to run time, the performance of Co3/MAO mirrored Co3/MMAO, with the activity gradually decreasing over time while the molecular weight increased (see Fig. 3c ).
As noted earlier, the catalyst activity of Co3/MMAO was also found to drop markedly on reducing the ethylene pressure for 10 to 1 atmosphere, while the molecular weight of the material remained similar at either pressure. As a general feature common to both co-catalysts, the range in molecular weight and molecular weight distributions are comparable, while the activity using MAO is slightly lower, a finding that contrasts with that reported with structurally related cobalt analogs [18] .
< Table 2> <Figure 3>
Structural effects of precatalyst on polymerization using MMAO or MAO
To investigate the influence of structural variations of the precatalyst on catalyst performance and polymer properties, all six cobalt complexes, Co1 -Co6, were systematically studied. CoMe2Ph/MMAO, the ortho-cycloalkyl systems in general exhibited an order of magnitude higher molecular weight, although the catalytic activity is slightly lower (Fig. 4 left) [18] .
With MAO as co-catalyst similar trends in activity and molecular weight are observed with the cyclohexyl systems (Co5, Co2) again showing the highest activity and the lowest molecular weight. By contrast, the cyclooctyl systems (Co6, Co3) give the lowest activity but the highest molecular weight (Table 3) . By comparison, the catalytic activity of CoMe2Ph/MAO is nearly twice as much as that seen for Co2, Co4 and Co5, and almost five times that for Co6. As with MMAO-promoted polymerizations, the molecular weights obtained using Co1 -Co6 (range:
29.6 -52.0 kg mol -1 ) are all significantly higher than that seen for CoMe2Ph (12.1 kg mol -1 ) (Fig.   4 , right). To provide further support for the linearity of the polymers, representative samples synthesized using Co3/MAO at 30 ºC (entry 10, Table 3 ), Co3/MMAO (entry 3, Table 3 ) at 20
ºC and Co2/MMAO at 20 ºC (entry 2, Table 3 ), were characterized by 13 C NMR spectroscopy (recorded in 1,1,2,2-tetrachloroethane-d2 at 135 ºC). In each case high intensity singlets observed around δ 30.00 (see Figs. 5, 6a and 6b) were the only signals detectable which can be assigned to the -(CH2)n-repeat unit in accord with high linearity [18, 27] . On the other hand, a sample of the polyethylene prepared using Co6/MMAO at 20 ºC (entry 6, Table 3 ) revealed on close inspection of the aliphatic region additional weak peaks at δ 32.23, 22.94 and 14.27 (peaks 3, 2, and 1 in Fig. 6 ) that could be attributed to n-propyl end-groups. Indeed, a lower molecular weight sample of polyethylene prepared using Co3/MMAO at 60 ºC (entry 5, in Table 1 ) again showed these low intensity n-propyl peaks (peaks 3, 2, and 1 in Fig. 7 ) [41] . However, examination of the downfield region in this spectrum revealed no evidence for peaks that could be assigned to unsaturated chain ends, which would suggest the absence of termination via β-H elimination and hence transfer to aluminum as the key termination pathway.
<Figure 5> <Figure 6> <Figure 7>
To further explore the properties of the polyethylenes, we also conducted a series of measurements concerned with their surface properties [42, 43, 44] . In this regard the value of the water contact angle (WCA) can be informative when put alongside the value of 101.4º for commercial sample of low-density polyethylene (LDPE) of high molecular weight (Mw ≈ 914.7 kg mol -1 ) and low Tm (107 ºC) [45] . For the polymer obtained at 60 ºC using Co3/MMAO (entry 5, Table 1 ), its WCA was determined as 110.3º, while for the polymers generated at 20 ºC, using Co1/MMAO (entry 1, Table 3 ) and Co2/MMAO (entry 2, Table 3 ), the WCA's were 109.8º and 111.8º, respectively. Generally, all the polymers studied exhibited superior hydrophobic properties when compared against the commercial sample of polyethylene.
<Figure 8>
Conclusions
A family of six cobalt(II) chloride complexes, Co1 − Co6, bound by ring-fused α,α′-bis(cycloarylimino)-2,3:5,6-bis-(pentamethylene)pyridines, was systematically synthesized using a one-pot approach and fully characterized. On activation with either MMAO or MAO, all these ortho-cycloalkyl-containing complexes afforded strictly linear polyethylene with high molecular weight and indeed around 40 kg mol -1 higher than that observed with a previously studied structural analog CoMe2Ph. In terms of catalytic activity, the cyclohexyl-substituted catalysts (Co2, Co5) were higher than the cyclopentyl-containing catalysts (Co1, Co4) which were in-turn higher than the cyclooctyl-substituted ones (Co3, Co6). In general, the MMAOpromoted polymerizations showed higher activities than with their MAO counterparts. 
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Figure 5
13 C NMR spectrum of the polyethylene obtained using Co3/MAO at 30 ºC (entry 2, in Table 3 ); recorded in 1,1,2,2-tetrachloroethane-d2 at 135 ºC (δC 73.8).
Figure 6
13 C NMR spectra of the polyethylene obtained using a) Co3/MMAO b) Co2/MMAO and c) Co6/MMAO after 30 minutes at 20 ºC (entries 3, 2, and 6, Table 4 ); all spectra recorded in 1,1,2,2-tetrachloroethane-d2 at 135 ºC (δC 73.8).
Figure 7
13 C NMR spectrum of the polyethylene obtained with Co3/MMAO at 60 ºC (entry 5, in Table 2 ); recorded in 1,1,2,2-tetrachloroethane-d2 at 135 ºC (δC 73.8). C NMR spectrum of the polyethylene obtained using Co3/MAO at 30 ºC (entry 2, in Table 2 ); recorded in 1,1,2,2-tetrachloroethane-d2 at 135 ºC (δC 73.8). Table 3 ); all spectra recorded in 1,1,2,2-tetrachloroethane-d2 at 135 ºC (δC 73.8). 
